The path-integrated turbulence strength is usually thought of as a parameter that varies slowly with time. In a recent free-space communications experiment the C 2 n value over a 5-km horizontal path was monitored almost continuously for a period of nearly a month. In addition to well defined and repeatable diurnal fluctuations, strong short-term fluctuations were observed in which the turbulence strength changed by an order of magnitude within a period of minutes. These rapid changes were independently measured by a commercial scintillometer and the high-rate output from the communications transceiver. The characteristics and probable causes for these dynamic atmospheric events and their impact on the design of free-space communication systems are discussed in this article.
INTRODUCTION
When compared to radio-frequency systems, atmospheric optical communications links offer several advantages such as small power requirements, high data rates, and low probability of interception; however, the atmospheric channel, through turbulence induced scintillation, poses a singular challenge to performing error-free communications.
1 Modern high-speed communications receivers typically utilize single-mode fiber and require the input power in fiber P f to exceed a minimum level, the sensitivity, for error-free operation. Fading events can occur quite frequently and be severe enough to cause P f to fall below the receiver sensitivity and create errors. There are many techniques for combating scintillation: spatial diversity, 2-5 using multiple transmit or receive apertures; temporal diversity, 6, 7 interleaving the data to add resilience to outages; and channel coding 6, 8, 9 to name a few. For proper implementation these techniques all require knowledge of the distribution of P f which in turn depends on the statistical properties of the atmosphere foremost of which is C 2 n the turbulence strength. Many approaches to predicting the distribution of P f from C 2 n have been presented in the literature. [10] [11] [12] There are also models for determining C 2 n from local environmental conditions 12 and link geometry. 11 In this paper, we discuss a communications experiment in which P f and C 2 n were both monitored with particular attention paid to fluctuations in C 2 n and the impact of those fluctuations on the distribution of P f and overall communications performance.
EXPERIMENT
A 1550-nm lasercom system employing a single transmitter and a spatial-diversity receiver operated over a period of three months in the late summer and fall of 2008. The link spanned a 5.4 km horizontal path over forested hills and connected a fire observation tower in Groton, MA to the Firepond observatory dome in Westford, MA as shown in Fig. 1 . The single transmitter and four receiver apertures, all stationary, were 12 mm in diameter. Five identical and independent tracking systems (one for each fiber) provided gross tilt correction. Measurements of the optical power P f coupled into each of the single mode fibers were recorded at a 1-kHz rate by New Focus 2103 HighDynamic-range (75 dB) log power meters. The tracking systems were not stressed by the channel and operated for more than 24 hours without losing lock and did not introduce appreciable fluctuation in P f . Independent channel characterizations were made by a Scintec BLS900 scintillometer. The Scintec instrument measured σ 2 I and estimated the path-integrated turbulence strength C 2 n every two minutes and ran nearly continuously throughout the experiment. Meteorological conditions (temperature, barometric pressure, wind speed, wind direction, solar radiation, etc. ) were monitored by a weather station and recorded once per minute. Although the primary motivation for the experiment was the demonstration of the lasercom link, a great deal of environmental data was recorded with an aim to aid in the design of future links and to confirm the predictions of channel models for scintillation. This paper focuses in the scintillation properties of this channel.
RESULTS
The Scintec scintillometer was operated nearly continuously for two months; however, at times inclement weather, usually rain, precluded any measurements from being made. In −18 to 2 × 10 −14 m −2/3 and was often found to be higher than the preceding daytime values. There were, however, times other than the quiescent periods, when the C 2 n varied by an order of magnitude over a period of minutes. These rapid fluctuations were strongly correlated with P f measurements and were caused at least in part by changes in the cloud cover.
Meteorological conditions were monitored by a Davis Instruments Vantage Pro2 weather station. In Fig. 3 the simultaneously recorded values for C 2 n and the incident solar radiation are displayed for three consecutive days. The first day, starting at midnight, begins with a fairly constant C 2 n until sunrise and was immediately followed by a dip in C 2 n , the morning quiescent period. Subsequently C 2 n rose steadily until just before noon when a passing cloud reduced the solar radiation by 65% for a few minutes causing C 2 n to drop momentarily by a factor of 8. Around 2:00 PM the conditions became overcast, C 2 n fell steadily until shortly before sunset when there was a pronounced increase in sunlight that induced an order of magnitude fluctuation in C 2 n . Overnight and throughout the next day, which was sunny and clear, C 2 n behaved in the usual way with obvious morning and evening transition periods. The third day was marked by heavy cloud cover throughout the day until late in the afternoon. There was no obvious morning transition as C 2 n fell steadily until the cloud cover broke, about two hours before sunset, at which time it rises quickly peaking just before sunset and the onset of the evening quiescent period. This set of data illustrates that changes in the solar radiation strongly affected C 2 n for this particular link, a horizontal path approximately 75 meters above ground level.
The deleterious effects of scintillation on the performance of a communication system are best quantified by power-in-fiber measurements at the receiver. In particular, creating a histogram of time series data provides an estimate of the probability distribution function p(P f ). The log-normal distribution 13 failed to yield good agreement with the measured data, especially in instances where the turbulence was strong. The most successful fits were obtained by using the Γ-Γ distribution 10 given by Table 1 . Best fit shape parameters α and β for the five histograms in Fig. 4 and measured values of C 2 n at the start and finish of the observation period as reported by the scintillometer.
where α and β are shape parameters that are related to C 2 n , K r (·) is a Bessel function of the second kind of order r and <P f > is the mean. Determining the probability of fades (i.e., the behavior of the tail) requires an examination of Eq. 1 for values of P f <P f > which indicates a power-law dependence.
For the majority of data collected the Γ-Γ distribution provided an excellent fit for the measured fluctuation in P f (t); however, in some instances the histogram had a tail that did not obey a power-law. Rather, a flared tail indicated the presence of fades that were deeper than predicted by the Γ-Γ model. These flares can be attributed to changes in C 2 n during the collection of the time series data. In Fig. 4 data for C 2 n , P f (t), and 5 histograms of P f (t) illustrate the effect of a quickly changing C 2 n . Over ten minutes C 2 n increased by nearly an order of magnitude, indicating a shift from benign to moderate turbulence, and the P f (t) displayed an obvious increase in its variance. When broken up into two-minute intervals the time series data are well described by Γ-Γ distributions; however, when the entire ten-minute period is considered the Γ-Γ distribution fails to describe the tails of the histogram accurately; instead, a better fit is achieved by averaging the fits for the 5 two-minute intervals as is seen in Fig. 5 . Table 3 provides the shape parameters as well as the measured values of C 2 n shown in Fig.4 . From the table it is apparent that α ≈ β, while this may not be true for a vertical path through the atmosphere it seems to hold this particular geometry. In a more dramatic example of a departure from the Γ-Γ distribution Fig. 6 shows a histogram constructed from data taken between 3:35 and 4:15, a 40-minute interval, during a partly cloudy day. In this case the histogram has a flared tail which could not be described adequately by a Γ-Γ distribution.
DISCUSSION
The strong correlation between C 2 n and the statistical behavior of P f (t), which was well described by the Γ-Γ distribution assuming C 2 n does not vary significantly over the period in question, provides a useful tool for the design of optical communications links propagating through an atmospheric channel. Specific knowledge of the statistical behavior of P f (t) is essential for the proper implementation of coding and interleaving techniques designed to mitigate errors arising from channel fades. For the duration of the experiment the observed values for C 2 n varied over more than three orders of magnitude from 8×10 −18 to 2×10 −14 m −2/3 leading to a wide range of fading conditions. Unfortunately, C in the value C 2 n observed in this experiment. Future work may test the models that predict local C 2 n from environmental inputs, 12 e.g., PAMELA, and use those predictions to set the levels of coding and interleaving to maximize the error-free throughput of the channel.
